ABSTRACT: Hybrid perovskite materials have drawn a remarkable attention for approaching high-performance photovoltaics owing to their superior optoelectronic properties. But most of research studies focused on the pristine hybrid perovskite CH 3 NH 3 PbI 3 . In this study, we utilize a newly developed CH 3 
■ INTRODUCTION
In the past 10 years, studies found that hybrid perovskite materials possess high absorption coefficient, long charge carrier diffusion length, and low density of defects and traps.
1−4 Such superior optoelectronic properties contributed perovskite solar cells with an efficiency over 23% from 3.8% rapidly. 5−11 Impressive photocurrent and restricted dark current were realized in perovskite photovoltaics, which strongly suggested that hybrid perovskite materials are promising alternatives for fabrication ultrasensitive photodetectors (PDs). In 2014, Dou et al. reported perovskite PDs with an inverted device structure. 11 In early 2015, we reported ultrasensitive solution-processed perovskite PDs. 12 Further studies found that perovskite PDs exhibited a wide spectrum response range, high detectivity, and fast response.
11 −16 However, most of studies were focused on the pristine p e r o v s k i t e , m e t h y l a m m o n i u m l e a d t r i i o d i d e (CH 3 NH 3 PbI 3 ).
11− 16 Recently, we reported a novel CH 3 NH 3 PbI 3 :xNd 3+ (where x is the nominal ratio) thin film, where Pb 2+ was partially substituted by a heterovalent neodymium (Nd 3+ ) cation, and found out that the CH 3 NH 3 PbI 3 :xNd 3+ thin film exhibited superior film quality with significantly improved charge carrier mobilities and highly suppressed trap states. 17 We further demonstrated highly reproducible power conversion efficiency from inverted planar heterojunction perovskite solar cells by the Nd 3+ -doped perovskite as the photoactive layer. 17 In this study, we report ultrahigh detectivity solutionprocessed perovskite PDs by CH 3 17 Thin film characteristics including the crystal structure, film morphology, charge carrier mobility, and trap density were reported in our previous publication. 17 Scheme 1a displays perovskite PDs with an inverted device structure, where the PEO-doped poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) layer is used as the hole extraction layer (HEL), 20 and a 4-lithium styrenesulfonic acid/styrene copolymer (LiSPS) ionomer layer serves as the interfacial layer, 21 where PEO is poly-(ethylene oxide). Scheme 1b presents the molecular structures of PEDOT:PSS, PEO, LiSPS, and PC 61 BM, where PC 61 BM is [6, 6] -phenyl-C 61 -butyric acid methyl ester. The PEO-doped PEDOT:PSS layer was selected as the HEL since it possesses a dramatically enhanced electrical conductivity, which would facilitate the hole extraction, transport, and collection from the perovskite photoactive layer to the ITO anode, where ITO is indium tin oxide. 20 The LiSPS is selected as an interfacial layer because it can fill in the pinholes of the solution-processed perovskite thin film and benefit the electron collection. 21 Thus, high photocurrent and low dark current are anticipated from perovskite PDs. Scheme 1c displays the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) energy levels of CH 3 
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Article PEDOT:PSS, and aluminum (Al) electrodes. The deep workfunction PEO-doped PEDOT:PSS layer can facilitate separated holes to be efficiently collected by the ITO anode. The high LUMO energy level and the deep HOMO energy level of the LiSPS thin layer could prevent the back transfer of electrons to the perovskite and hole injection from the cathode, resulting in suppressed interfacial charge carrier recombination and leakage current, consequently improved photocurrent and reduced dark current. 21 Figure 1a presents the current density versus voltage (J−V) characteristics of perovskite PDs fabricated by either the pristine CH 3 NH 3 PbI 3 thin film or the CH 3 NH 3 PbI 3 :xNd 3+ (x = 0.5 mol %) thin film, measured in dark and under monochromatic light at a wavelength of 500 nm with a light intensity of 0.28 mW cm −2 at room temperature. The dark current density (J d ) observed from perovskite PDs fabricated by the CH 3 NH 3 PbI 3 :xNd 3+ (x = 0.5 mol %) thin film is 4.4 × 10 −8 mA cm −2 at a bias of −1.5 V, which is nearly two orders of magnitude smaller than that (2.7 × 10 −6 mA cm
) by the pristine CH 3 NH 3 PbI 3 thin film. Moreover, the photocurrent density/dark current density (J ph /J d ) ratios versus the applied voltages for perovskite PDs fabricated by the CH 3 NH 3 PbI 3 :xNd 3+ (x = 0.5 mol %) thin film are over two orders of magnitude higher than those of perovskite PDs fabricated by the pristine CH 3 NH 3 PbI 3 thin film at the same reverse bias, as shown in Figure 1b , indicating that perovskite PDs fabricated by the CH 3 NH 3 PbI 3 :xNd 3+ (x = 0.5 mol %) thin film possess high sensitivity.
In PDs, the saturated dark current density, J 0 , determining the detectivity of PDs, 22 is directly related to the band-to-band thermal emission and charge carrier recombination in semiconductors. 23, 24 The J 0 can be extracted from the equation
where J is the total current density, V is the applied voltage, q is the elementary electron charge, R S is the series resistance, n is the idea factor, k b is the Boltzmann constant, T is the absolute temperature, and J ph is the photocurrent.). 23, 24 The 
Article mol %) thin film and 4.01 × 10 −10 mA cm −2 for perovskite PDs fabricated by the pristine CH 3 NH 3 PbI 3 thin film. Both J 0 values are lower than that from the copper indium gallium selenide PDs (6 × 10 −7 mA cm −2 ), 23 which indicates that perovskite PDs possess high sensitivity. 22 At a reverse bias of −100 mV and under monochromatic illumination at a wavelength (λ) of 500 nm with a light intensity of 0.28 mW cm 3+ (x = 0.5 mol %) thin film. Noted that projected detectivity, D*, is estimated solely based on measured dark current density rather than measured noise current density. The real detectivity of perovskite PDs is probably lower than D* due to the omission of thermal noise and 1/f noise, where f is the frequency. 25, 26 However, the estimated detectivity is acceptable since the noise current is typically frequency-independent and is in the same magnitude of shot noise (from dark current) for PDs with a "vertical" photodiode device structure.
27−29
Based on measured external quantum efficiency (EQE) spectra shown in Figure 3a and D* at 500 nm, R and D* over the spectral response region are derived. Figure 3b presents R and D* over the spectral region ranging from 350 to 800 nm. The perovskite PDs fabricated by the CH 3 
mol %) thin film is one of the h i g h e s t d e t e c t i v i t i e s r e p o r t e d f o r p e r o v s k i t e PDs.
11 −15,26,28,30−33 Moreover, this value is about two orders of magnitude higher than that of silicon-based PDs in the spectral response from 350 to 700 nm also. Such high detectivity and responsibility at room temperature are synergistically originated from high J ph and extremely low J d . 22 A linear dynamic range (LDR) or the photosensitivity linearity (typically quoted in dB), one typical figure of merit that used to evaluate PD device performance, is also investigated. The LDR can be estimated according to the equation of LDR = 20 log (J ph * /J d ) (where the J ph * is the photocurrent measured at a light intensity of 1 mW cm −2 ). 22, 23 Figure 4a displays the J ph versus the light intensities for 
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Article perovskite PDs fabricated by the CH 3 NH 3 PbI 3 :xNd 3+ (x = 0.5 mol %) thin film. At room temperature, the LDR is over 100 dB, which is higher than that (47 dB) of perovskite PDs by the pristine CH 3 NH 3 PbI 3 thin film.
15 This large LDR is comparable to that of Si-based PDs (120 dB, at 77 K) and is significantly higher than that (66 dB, at 4.2 K) of InGaAsbased PDs. 34 The temporal response time of perovskite PDs, an important parameter reflecting PD performance, is also characterized. The response time of PDs is strongly related to the charge transport and collection. Rise and fall times are defined as the time to increase from 10 to 90% of the peak photocurrent and decrease from 90 to 10% of the peak photocurrent, respectively. As shown in Figure 4b, ), were utilized for solution-processed perovskite photodetectors (PDs). Operated at room temperature, an ultrahigh detectivity over 10 14 cm Hz 1/2 W −1 in a spectral region from 350 to 800 nm with a linear dynamic range over 100 dB was observed from perovskite PDs by the CH 3 NH 3 PbI 3 :xNd 3+ (x = 0.5 mol %) thin film. Such boosted device performance is resulted from superior film morphol o g i c a l a n d o p t o e l e c t r o n i c p r o p e r t i e s i n t h e CH 3 The ITO-coated glasses were precleaned by detergent, deionized water, acetone, and isopropanol sequentially. After oven drying, the ITO-coated glasses were treated with UV− ozone for 40 min under an ambient atmosphere. Then, a ∼40 nm PEO-doped PEDOT:PSS layer was spin-coated on the top of the ITO surface from PEO-doped PEDOT:PSS solution, followed with thermal annealing at 150°C for 10 min in an ambient atmosphere. Afterward, the PEO-doped PEDOT:PSScoated substrates were immediately transferred into a nitrogenfilled glovebox and ready for deposition of either the pristine CH 3 NH 3 PbI 3 or the CH 3 NH 3 PbI 3 :xNd 3+ layers via a two-step method. After the predevices were cooled down to room temperature, a ∼15 nm LiSPS layer was spin-coated from toluene solution on the top of the perovskite active layer. A ∼50 nm PC 61 BM layer was then coated on the top of the LiSPS layer from chlorobenzene solution. Last, a ∼100 nmthick Al was thermally deposited through a shadow mask under a pressure of 6 × 10 −6 mbar in a vacuum chamber on the top of the PC 61 BM layer. The device area was measured to be 0.16 cm 2 . The J−V characteristics were measured by using a Keithley 2400 source-power unit. A Newport Air Mass 1.5 Global (AM1.5G) full-spectrum solar simulator was applied as the light source, calibrated by a monosilicon detector from NREL. A specific wavelength was obtained by a spectrum filter for giving a monochromic light at 500 nm with a light intensity of 0.28 mW cm −2 . The transient photocurrent measurements were performed by using an optical chopper controlled at λ = 532 nm laser pulse at a frequency of 2 kHz.
